symmetric first division and block the segregation of the N3, preceding a shared kinase domain. Following exon P granules and other determinants along the A-P axis.
14, alternative splicing can bring the open reading frame par-1 encodes a serine/threonine kinase, which is itself to a STOP or extend it by about 300 bp that encode a asymmetrically localized to the posterior cortex of the conserved domain shared by all reported PAR-1 homoone-cell zygote and segregated into P1 after the first logs. In addition, we have identified several internal division (Guo and Kemphues, 1995) . Thus, the locus we describe here appears to encode tion from the C. elegans kinase, since the former regulate the only PAR-1 homolog in the Drosophila genome. microtubule dynamics, whereas the PAR-1-dependent
We have identified and characterized several P-elepolarization of the A-P axis in C. elegans is apparently ment insertions within the par-1 locus ( Figure 1A ). microtubule-independent. l(2)k06821 is one of three P elements inserted in the The activity of the MARKs in microtubule regulation, 5Ј-UTR of the N1 transcription unit, while EP(2)0899 lies coupled with the observation that PAR-1 is a key mediajust downstream in the first intron (Spradling et al., 1995). tor and molecular marker of A-P polarization in C. eleThese insertions therefore lie in both the par-1 and meigans prompted us to investigate whether a PAR-1 homo-W68 transcription units. l(2)k06821 disrupts the function log might play a role in the microtubule-dependent of both genes, whereas EP(2)0899 has no associated polarization of the A-P axis in Drosophila, despite the phenotypes, presumably because it is spliced out of apparently different mechanisms of axis formation in these transcripts (R. Patel and K. McKim, personal comworms and flies. munication). In contrast, l(2)k06323 is inserted within the 5Ј-UTR of the N2 transcription unit, 3.5 kb distal to the Results mei-W68 open reading frame, and fully complements the mei-W68 1 mutation (McKim and Hayashi-Hagihara, Identification of the Drosophila Homolog 1998). Since no deficiencies for this region have been of C. elegans par-1 reported, and none of these mutants affect all par-1 To identify a Drosophila homolog of par-1, we used transcripts, we screened collections of P-element excidegenerate primers for conserved regions of the kinase sions generated by R. Patel and K. McKim to identify domain to amplify a PCR fragment from genomic DNA, more severe genetic lesions at the locus. One excision, and used this as a probe to isolate three overlapping W3, which originates from the viable EP(2)0899 line, cDNAs from a Drosophila ovarian library. Subsequently, is homozygous lethal, and contains a 12.5 kb deletion the Berkeley Drosophila Genome Project (BDGP) seremoving all of the coding sequence for the PAR-1 kiquenced the chromosomal region containing par-1 nase domain, as well as most of the linker region ( Figure  (polytene band 56D) , and identified a number of ESTs 1A). Although the mei-W68 open reading frame remains corresponding to transcripts from this locus. The par-1 intact in W3, there is a small deletion adjacent to the locus spans approximately 30 kb, and encodes at least remaining P-element sequence in the first intron, and five classes of transcript that arise from a choice of three W3 therefore also fails to complement mei-W68 1 (R. Papromoters and alternative splicing at the 3Ј end (Figure tel and K. McKim, personal communication). As de-1A). Consequently, transcripts from each promoter are scribed below, the insertions and excision that disrupt predicted to encode protein isoforms with distinct N-terminal domains, which we have termed N1, N2, and the par-1 locus all affect PAR-1 protein expression and par-1 transcripts are expressed in both the germline and somatic follicle cells throughout oogenesis, but appear to be uniformly distributed at all stages (data not PAR-1 Protein Localizes to the Posterior of the Oocyte shown). Stainings with the PAR-1 antisera, however, reveal that the protein localizes to a number of specific To begin an analysis of a role for PAR-1 in oogenesis, we raised a polyclonal antibody against a portion of the sites in both the germ cells and the follicle cells. PAR-1 localizes cortically in the follicle cells at early stages, linker region that is common to all predicted isoforms. On Western blots of extracts from ovaries or early emand is restricted to the basolateral membrane domain of the columnar epithelium in stage 10 egg chambers, bryos, the affinity-purified antibody recognizes at least 5 bands that run between 105 and 160 kDa, which seem similar to the distribution of mammalian PAR-1 homologs in cultured epithelial cells (Figure 2A ) (Bö hm et al., to correspond to the PAR-1 isoforms produced from the alternative transcripts described above. Each band 1997). The earliest PAR-1 staining in the germline is localized to the fusome, a branched structure extending migrates at the approximate molecular weight expected for the predicted product of one of these mRNAs, and through the ring canals that functions to orient mitotic spindles during the cell divisions in the germarium (Figroughly comigrates with protein translated in vitro from the corresponding cDNA ( Figure 1C) . Furthermore, the ure 2C) (de Cuevas and Spradling, 1998). As the cysts develop further, PAR-1 localizes to the ring canals and viable P-element insertion alleles reduce or abolish the expression of the appropriate bands, whereas a rethe cortical cytoskeleton of the nurse cells (data not shown). We can not detect any asymmetric localization vertant obtained by precise excision of the l(2)k06323 insertion, par-1 6323rev , shows wild-type levels of expreswithin the oocyte during stages 1-8, but in early stage 9 egg chambers, PAR-1 is transiently enriched at the sion of all isoforms ( Figure 1D ). We were unable to test homozygotes of the null allele, par-1
W3
, since this mutaanterior of the oocyte ( Figure 2D ). It then starts to accumulate at the posterior of the oocyte, and becomes tion is homozygous lethal; however, heterozygous ovaries show reduced expression of all bands compared progressively more concentrated at the posterior pole and Osk are interdependent, these experiments do not show typical posterior group phenotypes: the embryos lack abdominal segments, and pole cells fail to form, distinguish which of these components is responsible for recruiting PAR-1 to the posterior pole. We therefore giving rise to a grandchildless phenotype, in which the adult "escapers" have agametic gonads (Table 1 and that is never seen in par-1 oocytes ( Figure 6D ). and several mutants that disrupt this process do so by altering the organization of the oocyte microtubule network. We therefore examined whether microtubule Discussion organization and polarity are also disrupted in par-1 oocytes. In wild-type oocytes, the microtubules are or-A Link between A-P Polarization in Drosophila and C. elegans ganized in an A-P gradient at stage 7-9 that can be visualized using a Tau:GFP fusion protein ( Figure 6A) Despite extensive molecular investigation and several large-scale genetic screens, no common components (Micklem et al., 1997) . In addition, the polarity of the microtubules can be assayed by expressing microtubule have previously been found to be required for A-P axis polarization in Drosophila and C. elegans. Indeed, the motor proteins fused to ␤-galactosidase (␤-gal) (Clark et  al., 1994, 1997) . A ␤-gal fusion to the plus-end-directed primary axes of these two organisms are specified by different cues, at different stages of development, and motor, Kinesin (Kin:␤-gal), localizes to the posterior of the oocyte during stages 9-10 like osk mRNA, whereas by mechanisms with distinct cytoskeletal requirements.
Nevertheless, in both systems, the axis is polarized the P granules disappear and then reappear two diviwithin a single cell by an extrinsic spatial cue that trigsions later in all cells of the embryo (Kemphues et al., gers cytoskeletal and cytoplasmic rearrangements, and 1988; Guo and Kemphues, 1995). PAR-1 is therefore in each case, these events culminate in the posterior required for the stability of the P granules at the onelocalization of germline determinants. Here we report cell stage, and for an A-P polarity that is independent the characterization of Drosophila PAR-1 and show that, of cytoplasmic flows. It is interesting to note that subselike its C. elegans homolog, it is required for primary quent to the first division, P granules continue to segreaxis formation, thereby providing the first molecular link gate within the P lineage in the absence of flows, and between A-P polarization in these two organisms.
localize in a microtubule-dependent manner via an assoIn the nematode, mutations in par-1 disrupt the posiciation with one spindle pole during anaphase (Hird et  tioning of the mitotic spindle, leading to a symmetric  al., 1996) . A similar mechanism has been described for first division, and block the segregation of the P granules P-granule segregation during the first cell cycle in some and other determinants to the posterior daughter blastonematode species which, like Drosophila, polarize the mere, resulting in disorganized embryos that lack germ A-P axis during oogenesis (Goldstein and Hird, 1996). cells ( These mutants show tight microtubule bundles and a This conserved requirement for par-1 is somewhat complete delocalization of osk mRNA, whereas par-1 surprising given the apparently distinct mechanisms by oocytes show comparatively diffuse microtubule arrays which the A-P axes form in Drosophila and C. elegans.
and mislocalize osk to an ectopic "dot." Furthermore, The localization of the polar granules in Drosophila depar-1 has no effect on cytoplasmic streaming, grk mRNA pends on the microtubule-dependent transport of osk localization, or dorsal-ventral patterning of the egg shell mRNA to the posterior of the oocyte, and, as we discuss and embryo, processes that are all disrupted by the below, our results, in conjunction with the work on the capu-like mutations. Since the par-1 null allele blocks mammalian MARKs, support a direct role for PAR-1 in oocyte development before stage 6, we can not comremodeling the oocyte microtubule cytoskeleton. In pletely rule out the possibility that the phenotype of the contrast, the completed C. elegans genome reveals no strongest viable par-1 mutant combination reflects an osk homolog, and P-granule segregation during the first incompletely penetrant grk-or capu-like phenotype. cell cycle requires the actin cytoskeleton, but not microThis seems highly unlikely, however, because in contrast tubules (Strome and Wood, 1983).
to weak grk or capu mutants, par-1 6323 /par-1 W3 oocytes A possible resolution to this paradox is suggested by produce a completely penetrant disruption of microtuseveral recent results that reveal the existence of parallel bule organization and osk mRNA localization, but do pathways for localizing the P granules to the germ cell not affect bcd and grk mRNA localization, nuclear migralineage of C. elegans. Mutations in par-2 and pod-1 tion, or cytoplasmic streaming. PAR-1 therefore seems and RNAi against nmy-2 and mlc-4 severely impair or to be required for a novel step in the A-P polarization eliminate the cytoplasmic flows that normally localize of the oocyte that is necessary for osk but not bcd mRNA the P granules, yet these particles can still segregate to functions during the development of the zygote, since stage 9, but par-1 mutants disrupt the microtubule orgathe null allele is homozygous lethal, and this probably nization as early as stage 8, and as a consequence, explains why it was not identified in previous screens neither osk mRNA nor Stau protein localize to the postefor maternal-effect mutations that affect embryonic patrior pole. PAR-1 activity is therefore required for its own terning. osk-dependent localization. Consistent with this, we
In conclusion, the parallels between the localization have occasionally observed mislocalized PAR-1 protein and function of PAR-1 homologs in Drosophila, C. elein the center of the oocyte in weak par-1 allelic combinagans, and mammalian systems indicate that this kinase tions (data not shown). We have not detected any asymfamily shares a conserved function in the generation of metrically localized PAR-1 in the oocyte during the cell polarity. Although its exact requirement is not known stages when the microtubule reorganization takes in any of these contexts, our analysis of the Drosophila place, but it is possible that PAR-1 function is localized par-1 phenotype, coupled with the activity of the maminstead through the regulation of its activation. Indeed, malian MARKs, strongly suggest that PAR-1 plays a the activity of the MARKs has been shown to depend direct role in polarizing the microtubule cytoskeleton, on the phosphorylation of regulatory sites within the and Drosophila should therefore provide a valuable syskinase domain, and these residues are conserved in tem for investigating the in vivo activities of these kiDrosophila PAR-1. Such regulation may also occur in nases. C. elegans, since the posterior localization of PAR-1 is not essential for all of its functions in polarizing the 
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